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ABSTRACT

When polymeric materials are irradiated in the presence
of air, oxygen-diffusion effects can, depending upon dose
rate, lead to oxidative degradation which occurs only near
the edges. This report describes the use of several recently
developed techniques which are of general use for studying
heterogeneous degradation in commercial polymeric materials.
The techniques discussed are: optical evaluation of cross-
sectioned, polished samples; cross-sectional profiling of
changes in relative hardness; and profiling of density
changes. Oxidation penetration depths are given for a number
of major polymer types as a function of dose rate. A
detailed example 1is given graphically illustrating the
effects of differing oxidative penetration depths on the
radiation-degradation behavior of a Viton® O-ring mate-
rial; this particular material becomes hard and brittle when
irradiated at high dose rate, but soft and stretchable when
irradiated at low dose rates.

The data presented show examples for several materials
where the accelerated "age" 1is strongly influenced by
environment application (e.g., dose-rate effects), or where
the use of an overstress approach (i.e., effectively a large
"margin" in total dose) cannot compensate for the effect of
dose-rate. The techniques discussed in this report can aid
in the determination of such effects and their magnitude and

in the selection of appropriate accelerated aging methods.
With such knowledge about material degradation, and with

aging methods selected on these data-based approaches, thgre
can be increased assurance that equipment qualification
procedures are adequate. :
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EXECUTIVE SUMMARY

Polymeric materials may undergo oxygen-diffusion-limited,
heterogeneous degradation with significant oxidation occur-
ring only near the surfaces. It is important in studying
polymer degradation (and 1in designing accelerated aging
experiments) to be able to determine under what conditions
heterogeneous degradation occurs, and to estimate the extent
of significant oxidative penetration under those
conditions. We describe here the use of several techniques
for quick identification of oxidative degradation gradients.
One determination of oxidation depth is accomplished by
optical examination of metallographically polished
cross-sectioned samples; oxidized and nonoxidized regions
are distinguished by differences in surface reflectivity. A
more detailed determination of the shapes of degradation
gradients is accomplished by ©performing a series of
sensitive determinations of relative hardness changes across
the surface of cross-sectioned, polished samples. Typical
oxidation depths for the commercial polymers examined are on
the order of fractions of millimeters over a dose-rate range
of 10%-106 rads/h. Significant variations among dif-
ferent materials are found, as would be expected given
differences in oxygen consumption and permeation rates.

A detailed example is given of the tensile property
behavior of a Viton® material over a range of dose rates
where the degradation is seen to change from strongly het-
erogeneous at high dose rates to homogeneous as the dose rate
is 1lowered. Degradation differences in this material are
very pronounced. At high dose rates the polymer undergoes
primarily cross-linking to give a hard brittle material,
whereas under lower dose rates, where oxygen permeation is
complete, the polymer undergoes predominantly scission to
yield a soft, stretchable material.

The data presented show examples for several materials
where the accelerated *"age" 1s strongly influenced by
environment application (e.g., dose-rate effects), or where
the use of an overstress approach (i.e., effectively a large

"margin" in total dose) cannot compensate for the effect of

dose-rate. The techniques discussed in this report can aid
in the determination of such effects and their magnitude and
in the selection of appropriate accelerated aging methods.
With such knowledge about material degradation, and with
aging methods selected on these data-based approaches, there
can be increased assurance that equipment qualification
procedures are adequate.



INTRODUCTION

Elucidation of the fundamental chemical and physical
changes which occur in polymeric materials as they undergo
degradation in various environments has been a major topic
of continuing research in polymer science. One factor which
can be crucial to understanding the deterioration of polymer
properties is the occurrence of heterogeneous degradation in
bulk polymers. Heterogeneous degradation can result from
numerous factors and can arise in many different

environments.

Diffusion processes are a major cause of heterogeneous
degradation. The diffusion of oxygen into a polymer under-
going oxidative degradation can be a rate-limiting step
causing the material to become oxidized only near the
edges. In air environments, oxidation 1is a common de-
gradation mechanism, and oxidation gradients may arise in
materials exposed to ultraviolet 1light, elevated temp-
erature, high-energy radiation, or mechanical stress.
Radiation oxidation is known to be an important degradation
mechanism for organic polymers in a nuclear environment, as
in a reactor containment building. This report discusses
oxidation gradients which arise as a result of exposure to
high-energy radiation.

The fact that heterogeneous radiation-induced oxidation
can occur was recognized by the earliest workers who irradi-
ated polymers in the presence of air,1-4 and the existence
of this phenomenon has been mentioned in numerous

articles.5-9 Heterogeneous degradation may occur under
the ambient application environment in which a material is
used. It can also occur in accelerated aging tests, where

the size of the oxidized region can depend on the stress
level used in the experiment.

In the course of our work on developing accelerated
radiation aging techniques to understand long-term polymer
degradation in air environments,10-17 it became apparent
that an understanding of macroscopic material properties as
a function of radiation exposure in air-containing environ-
ments would require a knowledge of (1) the dose rates at
which inhomogeneous oxidation occurs for a given material of
given thickness, and (2) the depth of significant oxidation
under conditions where such gradients occur.l® Relatively
few studies of heterogeneous oxidation have been done.
Although several workers have observed oxidative hetero-
geneities by cutting up samples and analyzing the pieces
using such techniques as infrared spectroscopy., solubility,
and molecular weight determination, these techniques are of
limited utility for numerous commercial materials which are



often cross-linked and spectroscopically complicated. Con-
sequently, very 1little quantitative data has been presented
on the depth of oxidative degradation in bulk polymers as a
function of radiation conditions. Indeed, most studies of
radiation effects on polymers in the presence of oxygen have
been carried out on samples in the form of powders or very
thin films so as to avoid the "complication" of diffusion
effects.

One interesting technique applicable to special cases has
been described for observing oxidation. Seguchi and co-
workers prepared samples of clear polyethylene containing a
dye.18 Upon irradiation wunder different pressures of
atmospheric oxygen, it was possible to identify the extent
of oxygen penetration based on the fact that the oxidized dye
changed color. We have sought to develop more general means
for identifying gradients in a wide spectrum of commercial
polymer types. This report describes the use of simple
techniques applicable to such materials which allow rapid
identification of oxidative degradation heterogeneities.
Results on the depth of significant oxidative degradation for
a number of polymeric materials exposed to radiation envi-
ronments are presented. The effect of differing oxidation
depths on the mechanical properties of degraded samples of
one material, Viton®, is discussed in detail.

The significance of this work to determining a
particular and adequate accelerated-aging method is
severalfold. First the data presented show clear examples
that the fundamental degradation modes of materials must be
understood for proper accelerated-aging method selection.
Second, the techniques discussed can be used to screen for
heterogeneous degradation effects; if observed, it should be
possible to adjust the aging method to eliminate the
heterogeneity. Third, in one example, it is shown how the
concept of overstressing one environmental parameter
(radiation) may not account for the dose-rate effect; this
is an example where a "margin® concept may not apply.

This report emphasizes the importance of an adequate
data base and an understanding of material degradation
phenomenology to the selection of an appropriate aging
method.

EXPERIMENTAL

Test specimens were cut from samples of commercial poly-
meric materials. Irradiation was carried out in Sandia's
Co-60 facility which has been described elsewhere.l%
Throughout the irradiation, a steady flow of air was sup-
plied to the sample chambers at a rate approximately equiva-

lent to two changes of atmosphere per hour. Tensile tests
were performed using a Model 1130 Instron with an electrical
tape extensometer <clamped to the sample. Samples were




strained at 12.7 cm/min with an initial jaw gap of 5.1 cm.
Elongation at break and wultimate tensile strength were

measured at 23°C.

For optical determinations of oxidation depth, cross
sections of irradiated samples were potted in Shell Epon 828
epoxy and cured overnight at 90°C with a diethanolamine
catalyst. The samples were polished using standard metallo-
graphic techniques; 19:20 the epoxy-mounted specimens were
ground on 120 through 600 grit silicon carbide abrasive
papers, and then successively polished on nylon cloths using
30, 6, and 1 micron diamond paste. Photographs shown in the
report were obtained with a Leitz Metallograph with bright-
field illumination at a magnification of 18. Measurements
of the oxidized areas in samples were obtained using a
microscope fitted with a filar eyepiece.

For probe ©penetration measurements, cross-sectioned
polymers were placed in a specially designed vise constructed
of a hollowed-out cylinder of rigid plastic material (2.5 cm
diameter) having adjustable, opposing screws which are used
to push 2 metal plates towards the center of the vise. Three
samples of cross-sectioned polymer were held together between
the plates. The entire vise assembly, with samples in place,
was subjected to standard metallographic polishing steps as
described above. Tests were performed across the (cross-
sectioned) surface of the central of the three samples. The
measurements were accomplished by determining the displace-
ment of a weighted probe into a polymer sample. The samples
were placed on a calibrated X-Y translational microscope
stage, and typical measurements were made at regular inter-
vals of between .05 and .15 mm. To provide a small probe tip
for measurements of the desired resolution, a conical diamond
phonograph needle having a tip angle of 60° was affixed to
the shank of a micro drill bit, which was itself attached to
the shaft of a commercial probe used for the Perkin Elmer
TMS-1 Thermomechanical Analyzer. The LVDT, loading stage,
and electronics of this commercial instrument were utilized
to measure penetration distances. The diamond-tipped probe
was first preloaded with approximately 0.5 g for 30 sec, then
an additional load of either 3 g or 5 g was added, depending
on the sample being profiled. The change in penetration,
30 sec following the addition of the second load, was taken
as the experimental penetration distance.

The materials studied were commercial formulations and
included: EPR(I) and EPR(II), two ethylene-propylene rubber
formulations used in making O-rings: Viton®, a copolymer
of vinylidene fluoride and hexafluoropropylene used for
O-rings; cross-linked polyethylene, a chemically cross-
linked material used as a cable insulation; PE, a noncross-
linked medium-density polyethylene used as cable insulation:
polyurethane, a flexible urethane used as a cable




insulation; Tefzel®, a  copolymer of ethylene and
tetrafluoroethylene used as cable insulation;
chlorosulfonated polyethylene (Hypalon®), a formulation
used for cable jacketing; chloroprene (Neoprene®), a
formulation wused for cable jacketing; CLPO (cross-linked
polyolefin), a copolymer of ethylene and ethyl vinyl acetate
used for cable insulation; and PVC (polyvinyl chloride) a
formulation used for cable jacketing.

DISCUSSION OF OXYGEN PENETRATION EFFECTS

The rate at which many common polymer materials can
attain equilibrium oxygen saturation can be quite high. The
time required for sorption of one half of the equilibrium
oxygen content in a planar sheet of material having thick-
ness 1 1is given?l by Equation 1 (D is the diffusion
coefficient).

t = .04919 (1)

Mang polymers have D values in the approximate range of
10- to 10-7 cm?/sec.22 Thus, polymers of several
millimeters thickness have tj, in the range of minutes to
hours, so that such materials achieve equilibrium saturation
of air shortly after being molded.

If an air-saturated polymer sample is placed in a radi-
ation environment, homogeneous oxidation will take place
initially. At sufficiently high oxidation rates--depending
on dose rate, radiation yield [G(-03)]. oxygen permeation
rate, and specimen thickness--the initially dissolved oxygen
may be used up faster than it is replenished from the atmos-
phere. This gives rise to heterogeneous degradation with the
oxidation rate in interior regions of the material decreasing
to zero (or in some cases to some fixed rate lower than that
near the surfaces). For materials and radiation conditions
which result in heterogeneous degradation, an indication of
the absorbed dose by which strongly heterogeneous degradation
is already taking place may be obtained by calculating the
equivalent dose required to use up the oxygen initially dis-
solved in the material. We obtain the following expression
for this dose, R, in rads:

R = . (2)
(1.03 x 107%) * @(-0,)




where S 1is oxygen solubility in mol/g-atm, and P is the
oxygen pressure in atm. G(-Oz) 1is molecular yield per
100 eV absorbed energy. Table 1 gives solubility data and
reported G(-0y) yields for several common polymer types,
together with the calculated values for the equivalent dose
required to cause reaction of the amount of oxygen initially
dissolved in a specimen equilibrated in air at an assumed
oxygen pressure of .2 atm. From the data in the table, it
can be seen that the transition from homogeneous to strongly
heterogeneous degradation of these polymers will occur at
quite low doses--generally less than a few tenths of a mega-
rad.™ For virtually all polymers, measurable degradation
occurs only after substantially higher doses. Thus, where
oxidation inhomogeneities occur, the degradation c¢an typi-
cally be treated as coming entirely from a heterogeneous
mechanism.

If the oxygen permeation constant, P, and the yield of
oxygen consumption, G(-0O3), for the material remain rela-
tively constant as a function of total absorbed dose, a
steady state in heterogeneous oxidation will be approached.
If the rate of oxygen consumption by reaction with free radi-
cals generated by the radiation exceeds the rate of supply
of oxygen from the edges of the polymer sample, distinct
regions of oxidized and nonoxidized polymer can result.

In comparing polymer samples irradiated at different dose
rates, those exposed at the highest dose rate may degrade
heterogeneously, becoming oxidized only near the surfaces.
At successively lower dose rates, oxidation depth will become
progressively larger. Eventually, at sufficiently low dose
rates, the oxygen can fully penetrate the sample, giving rise
to oxidation which is homogeneous throughout the material.

OBSERVATION OF HETEROGENEOUS OXIDATION: EPR

As a polymeric material degrades, its physical and
mechanical properties can undergo changes due to cross-
linking, scission, plasticizer 1loss, or changes in morphol-
ogy. The cross-sectional polishing technique for optical
identification of heterogeneous degradation 1is indirectly
based on such changes. Areas of the polymer having suffi-
ciently different physical ©properties take on different
lusters upon polishing. When examined under an optical
microscope, with the sample positioned at an angle such that
the light from a strong light source is reflected into the
microscope lens, areas of the sample that have experienced

*Note that certain fluorocarbons are exceedingly susceptible
to radiation degradation and may be an exception to this.




TABLE 1

Literature Values for Solubility and G(-02) Yields, and Calculated
Equivalent Dose Required to Cause Reaction of Dissolved Oxygen in Equilibrium

With Air (.2 Atm Oy pressure)

Polymer s* (ref) G(-0,) (ref) Equivalent Dose (Mrad)
PE 2.2 x 1076
10 (23) .04
(18) 22 (24) .02
PVC 7.5 x 106 12 (25) .15
30 (25) .05
(22) 57 (26) .03
EPR 5.4 x 10~6 20 (27) .05
40 (27) .03
(22) 60 (27) .02
CLPO 3.1 x 106 10 (28) .06
(22)

* Expressed

in mol/g-atm




significantly different degradation show up as bands having
different reflectivity. Additionally, in some materials, a
slight <color difference can be seen between regions
having differences in oxidation. We have successfully
applied this technique to the observation of heterogeneous
oxidation degradation in a variety of different material

types.Z29™

In a related technique described in a preliminary com-
munication, we have examined relative changes in material
hardness across the surface of a cross-sectioned, polished
sample.2? This technique is more quantitative, and allows
a detailed determination of the degradation profile in terms
of changes in physical properties. Our earlier profiles were
obtained using a Knoop microhardness tester, which is most
appropriate for harder polymers.2%2.30 peterminations of
changes in relative hardness across cross-sectioned samples
referred to in this report use a somewhat different experi-
mental technique. Data in the figures are given in terms of
changes in penetration distance of a tiny, specially built,
weighted probe into a sample; no effort was made to correlate
penetration distances with standard hardness units as defined
by any of the arbitrarily set scales used in the many hard-
ness penetration tests which have been described.30 A
smaller penetration indicates an increase in material hard-
ness; larger penetration indicates a decrease in material
hardness. Penetration under load can be related to changes
in material modulus: decreased penetration corresponds to
higher modulus; increased penetration corresponds to 1lower
modulus. Exact relationships depend on experimental proce-

dures and probe tip geometry.

In an additional technique employed, the densities of
pieces of degraded samples are determined wusing a salt
gradient column. 12 This technique provides a profile on

*Polished samples were also examined using a scanning elec-
tron microscope, and in some cases bands could be seen in the
surface texture; however, the simple optical microscope was
generally much more successful. We have also performed
experiments which indicate that optical evaluation following
cross-sectional polishing may be of some value as a more
gquantitative technique, giving information on oxidation pro-
file shape as well as indicating the depth of significant
oxidation. We have scanned the cross-sectional surface of
the samples with a finely focused laser beam, and measured
the relative amount of reflected 1light as a function of
position. The laser measurements indicate a strong hetero-
geneity which corresponds to the visible ring, but show a
gradient in reflectivity rather than two single regions as

seen by the eye.




oxygen uptake in the sample--information which is
complementary to that provided by the techniques based on
changes in mechanical properties. Oxidation of samples
normally leads to increases in sample density.

The photos in Figure 1 were obtained for a series of
EPR(I) samples, cut from a square sheet of gasket material,
which were irradiated and then cross sectioned and

polished. Sstrongly heterogeneous degradation 1is indicated
for the samples irradiated in air at the highest dose rate
by the appearance of distinct optical bands (rings). Thus,
rings are clearly observable for samples B and C. These

samples were irradiated at 6.7 x 10° rad/h to 165 Mrad and
297 Mrad, respectively. In contrast, samples A, D, and E do
not exhibit oxidative rings. A is an unirradiated sample, D
was 1irradiated at a 1lower dose rate (1.1 x 105 rad/h to
175 Mrad), while E was irradiated under inert atmosphere.

Figure 2A shows probe penetration profiles indicating
changes in relative hardness on cross-sectioned samples of
the EPR material of Figure 1. For unirradiated material, the
profile is essentially flat (solid squares). For the samples
irradiated at 6.7 x 105 rad/h to a dose of 297 Mrad, a
distinct flat-bottomed, U-shaped profile is seen (open cir-
cles). The boundary position between optical bands (photo
C, Figure 1) corresponds to the steep part of the profile
(slightly 1less than 20 percent of the way 1in on both
sides). The 1irradiated material has become significantly
harder (i.e., increased modulus) with the largest increase
occurring at the interior portion where oxygen 1is absent.
Figure 2B shows data for an EPR sample irradiated at
6.7 X 105 rad/h to a lower total dose (165 Mrad). A some-
what more shallow profile is obtained, but with no signifi-
cant change in the oxygen penetration distance (squares).
For a sample irradiated at a lower dose rate (1.1 x 10° rad/h
to 175 Mrad) the profile approaches a homogeneous condition,
showing only a slight, shallow curvature (Fiqure 2B,
triangles). ‘

Figure 3A shows density gradient data for EPR samples B
and C of Figure 1, which were irradiated at 6.7 x 10° rad/h.
Areas of high and low oxidation seen by density gradient
measurements show an excellent correlation to the bands of
different optical reflectivity observed for these samples.
Again, relatively distinct oxidized and nonoxidized regions
are 1indicated. The boundary position between optical bands
correlates well with the position of rapid change in the
curve generated using the density gradient column.




Figure 1.

Cross-sectioned, polished samples of gamma
irradiated EPR.

A: Unirradiated material.

B: 6.7 x 105 rad/h (in air) to 165 Mrad.

C: 6.7 x 105 rad/h (in air) to 297 Mrad.

D: 1.1 x 10° rad/h (in air) to 175 Mrad.

E: 1.1 x 108 rad/n (in vacuum) to 253 Mrad.

All irradiations carried out at 70°C. Actual
sample thickness = 3.15 mm.
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Profiles of relative hardness in terms of penetra-
tion distance of a weighted probe into cross-
sectioned samples of irradiated EPR.

A: B = unirradiated material,
O= 6.7 x 10° rad/h to 297 Mrad,
B: = 6.7 x 105 rad/h to 165 Mrad,
A= 1.1 x 105 rad/h to 175 Mrad.
Experimental load was 5 g.
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Figure 3B compares density data on two samples (B and D
of Figure 1) that were irradiated to similar dose, but at
different dose rates. Strongly heterogeneous oxidation is
indicated for the high-dose-rate sample, in contrast to
nearly homogeneous oxidation for the low-dose-rate sample.
This is again in accord with conclusions reached by optical
examination of polished samples. Comparison of Figures 2 and
3 shows the excellent correlation between the relative hard-
ness and density profile results.

As might be expected, the optical rings became progres-
sively fainter on going to lower doses; rings were not visi-
ble at doses below about 50 Mrad. However, the size of the
rings in this material did not change significantly as a
function of dose at constant dose rate. Similarly, relative
hardness and density gradient experiments indicate that while
the profiles obtained become more shallow at 1lower total
doses, the oxidation depth has little dose dependence. These
observations indicate that oxygen permeation and consumption
rates in this material are not significantly dependent on

dose.

Further experiments were performed on the EPR material
jrradiated to 297 Mrad total dose at 6.7 x 105 rad h. This
sample was sectioned into areas corresponding to oxidized
and nonoxidized regions as indicated by the rings (photo B,
Figure 1). The oxidized (outer) region and unoxidized
(inner) region were extracted with THF. The swelling ratios
were 80 percent for the outer region and 47 percent for the
inner region; corresponding inner and outer regions of an
unirradiated sample gave swelling ratios of 108 percent and
107 percent. These data indicate substantial differences in
the relative ratios of cross-linking and scission in the
regions corresponding to the interior and exterior portions
of the sample, with relatively much higher cross-linking in
the unoxidized regions. These results are also consistent
with the modulus increases noted from the profiles of rela-

tive hardness.
OXIDATION DEPTH AND OXIDATION PROFILES

Some further discussion of oxidation gradient shapes is
useful at this point. The visual rings seen in cross-
sectioned, polished samples correspond to areas having large
differences in the extent of oxidation, and as such are use-
ful for identification of heterogeneous degradation and for
a qualitative or semiquantitative determination of the depth
of significant oxidation. However, the exact shape of the
degradation profile will depend on the details of the under-

-12-
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Density profiles for irradiated EPR samples.

A:

EPR samples irradiated in air at 6.7 x 10°
rad/h, 70°C. Solid 1line symbols (upper
curve) are for 297 Mrad absorbed dose.
Dotted 1line symbols (lower curve) are for
165 Mrad absorbed dose.

EPR samples irradiated in air at 70°C to
similar total dose, but at different dose
rates. Dotted line symbols are for 165 Mrad
at 6.7 x 105 rad/h. Solid line symbols are
for 175 Mrad at 1.1 x 10° rad/h. The arrow
in both A and B shows the density of unir-
radiated material, which gives a flat
profile.
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lying oxidation kinetics. For instance, Cunliffe and
Davis32 assumed that the oxidation kinetics for photo-
oxidation can be described by a free radical mechanism simi-
lar to that proposed by Boland33.34 and Bateman3% for
the thermal oxidation of hydrocarbons in the liquid phase.
Depending upon the relative importance of propagation and
termination reactions, they predicted oxidation profiles
ranging from gentle parabolic-like shapes to step-like tran-
sitions. Thus oxidative rings visible from cross-sectional
polishing may represent situations ranging from step tran-
sitions between oxidized and nonoxidized regions, to more
gradual transitions between heavily oxidized regions and
regions having either no oxidation or light oxidation. The
term oxidation depth has quantitative meaning in the former
limit, but has a somewhat more qualitative meaning in the

latter.

Ideally, it should be possible to calculate the depth and
shape of oxidative penetration for a given material under a
particular set of circumstances. Equations for treating the
problem of gradients in systems having simultaneous diffu-
sion and reaction have been described.3®-39 The problem is
gquite complex; moreover, a solution would require knowledge
of many parameters for a particular system, such as oxygen
solubility and diffusion coefficient, and oXxygen uptake
yield, G(-03). To eliminate diffusion effects in the
determination of G(-03)., experiments would need to be
carried out on a powder or thin film, and it would be diffi-
cult to guarantee that such a sample would be identical, with
respect to parameters such as morphology. compared to a

molded polymeric material of interest. Moreover, G(-03)
may be different at different dose rates due to mechanistic
reasons other than diffusion. Also, as mentioned before,

the shape of the gradient will depend heavily wupon the
details of the kinetics for the chemical reactions involving
oxygen.32 A determination of such kinetic details in a
given material would be a difficult task. In general, it
would seem much easier to identify heterogeneous degradation
directly using the techniques described in this paper, than
to perform the experiments and calculations necessary to

compute profile shapes.

HETEROGENEOUS DEGRADATION AND MACROSCOPIC PROPERTIES:
VITON® DEGRADATION

To illustrate how dramatic the differences in degradation
can be at different oxidation penetration 1levels, we now
present an extensive set of tensile data which were obtained
on a Viton® material. For this material, degradation

-14-




behaviors are so different that the mechanical properties
actually appear to degrade in opposite directions at high and
low dose rates. Thus, at the highest dose rate of
5.5 x 10° rad/h (Fiqure 4, circles), the elongation drops
rapidly while the tensile strength decreases only slightly.
The high-dose-rate degraded sample becomes hard and brit-
tle. In contrast, at the lowest dose rate of 1.3 x 104 rads/h
(Figure 4, squares), the elongation remains very high while
the tensile strength drops rapidly. The 1low-dose-rate
degraded sample becomes soft and is extremely rubbery and
easily stretched.

Figure 5 shows a series of solvent-swelling experiments
performed both on the samples irradiated at the highest
(5.5 x 105 rad/h) and lowest (1.3 x 104 rad/h) dose
rates. The data indicate a major difference in the degrada-
tion modes at the different dose rates: at 5.5 x 10° rad/h,
the sample undergoes predominantly cross-1linking; at
1.3 x 104 rad/h the sample suffers extensive net scission.

These degradation differences can be understood in terms
of 1large differences 1in oxidative degradation depth over
this range of dose rates. Table 2 presents data on oxida-
tive penetration depth, as determined by optical examination
of cross-sectioned, ©polished samples, for the Viton®
material irradiated over the dose-rate range for which ten-
sile data 1is shown in Figure 4. Strongly heterogeneous
degradation, with oxidation only near the edges, is seen at
the highest dose rate. At the lowest dose rate, the results
indicate that the degradation approaches homogeneous oxida-
tion throughout.

Figure 6 shows data for cross-sectional profiling of
relative hardness on Viton® samples irradiated 1in the
dose-rate range of interest. The results are in good agree-
ment with conclusions reached by optical examination.
Strongly heterogeneous degradation is found at the highest
dose rate of 5.5 x 105 rad/h (open squares, Figure 6);
here, an oxidized region extends just slightly more than 15
percent of the way in from either side of the sample. Again,
at successively lower dose rates, evidence of progressively
deeper oxidation is found: data for material irradiated at
1.8 x 105 rad/h, where degradation extends just over 20
percent of the way in., is given as circled crosses. Samples
irradiated at still lower dose rate were too soft and tacky
to test.

Relative hardness data on unaged Viton® is also given

in Figure 6: this is the flat profile which is indicated by
solid squares. Comparison of this profile with profiles of
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Figure 4. Change in ultimate tensile properties for a Viton®
material irradiated at 70°C using three different

dose rates.

O = 5.5 x 105 rad/h (in air).
A = 9.2 x 104 rad/h (in air),
O = 1.3 x 104 rad/h (in air),
X = 5.5 x 10° rad/h (in inert atmosphere).

Left: reduced elongation (e/egy).
Right: reduced tensile strength (T/Ty).

-16-




Figure 5.
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Solvent swelling data for the Viton® material
of Figure 4 (symbols have same meaning). Solvent
was THF. Data calculated as: (swelled weight
minus dry weight) divided by dry weight.
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Figure 6. Hardness profiles for irradiated Viton® samples.
B = unirradiated material,

[J= 5.5 x 105 rad/h to 178 Mrad,

()= 1.8 x 102 rad/h to 186 Mrad,

X= 9.0 x 10° rad/h to 191 Mrad (under vacuum).
Experimental load was 3 g.
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TABLE 2

Oxidation Depth as Determined by Cross~Sectional Polishing of Viton®
Material Irradiated at 70°C, Using Different Dose Rates*

Dose Rate Oxidation Oxidation as Z of
(rad/h) Degthﬁi Total Thickness
5.5 x 107 .33 mn 35%

1.8 x 103 .42 mm 44%

9.2 x 10% .78 mm 82%

1.3 x 10% complete 1007%

* Ring size was relatively dose-independent

*k Sample Thickness = 1.91 mm
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the degraded samples demonstrates opposite degradation trends
in oxidized and nonoxidized regions of the sample. Near the
edges, under conditions of strong oxidation, the material
becomes softer as it degrades. In the interior, the sample
becomes relatively harder as it degrades.

All of the results obtained on Viton® samples irradi-
ated in air at different dose rates (tensile property trends,
optical rings, relative hardness profiles, and solvent
swelling) comprise a consistent picture of differences in
degradation mechanism resulting from oxygen-diffusion-
limited effects. The samples irradiated at high dose rate,
for which a large portion of the interior is oxygen starved,
degrade predominantly by cross-linking, becoming harder.
The samples irradiated at low dose rate, for which oxidation
occurs throughout the material, degrade predominantly by
chain scission, becoming softer.

Tensile and swelling data for Viton® samples
irradiated wunder vacuum where nonoxidative degradation
proceeds throughout (shown as crosses in Figures 4 and 5),
further underscore these trends. Thus, for the vacuum-
irradiated samples, elongation drops rapidly (similar to the
samples irradiated at high dose rate in air), while tensile
strength decreases even 1less than for the high-dose-rate
irradiated samples. The result 1is that the vacuum-
irradiated material becomes even more strongly and rapidly
embrittled than in the case of high-dose-rate irradiation in
air. Similarly, the total cross-link density, as determined
by solvent swelling, increases in the case of
vacuum-irradiated samples (as seen by the 1large drop in
swelling ratio). This increase is even more pronounced
compared with the samples irradiated at high dose rate in

air.

Data indicating relative hardness changes for a Viton®
sample irradiated under vacuum are also presented in
Figure 6. This flat profile, indicated by crosses, corres-
ponds well to the hardened interior (anaerobic) regions of
samples irradiated at high dose rates in air. Clearly, for
Viton®, the effect of oxygen on degradation-induced
mechanical property changes is extremely large.

COMPILATION OF HETEROGENEOUS DEGRADATION DATA

Table 3 summarizes our data on the depth of the oxidized
regions in a series of commercial polymer materials irradi-
ated at several different dose rates and temperatures. The
data are useful as general indicators for the extent of oxi-
dative penetration to be expected for bulk samples of common
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polymers as a function of dose rate in air. However, the
values given are by no means absolute numbers for a given
polymer type. Different G(- -03) values are to be expected
for different commercial samples of the same polymer type.
depending upon morphology and upon additives (particularly
antioxidants). Permeation constants will also vary somewhat
again dependent upon both morphology and additives (such as
plasticizer).

The data in Table 3 show some general correlation between
oxidative penetration and literature values for oxygen per-
meation. For 1instance, the ethylene-tetrafluoroethylene
copolymer (Tefzel®) has the 1lowest permeation constant of
any polymer in the table, and also has the smallest oxidation
region. EPR has the highest permeation constant in the table
and the EPR materials have the highest oxidation penetra-
tions. A significant temperature dependence for oxidative
penetration is also seen in the data, with increased pene-
tration at increased temperature.

In an effort to provide further confirmation of the con-
nection between oxidative degradation and the appearance of
rings, a number of the materials were irradiated using doses
and dose rates similar to those of Table 3, but under inert
atmosphere; in no case did rings appear. Conditions for
samples irradiated in the absence of oxygen are summarized-
in Table 4.

For most of the materials which we have examined, oxida-
tive penetration depth did not change significantly as a
function of absorbed dose at constant dose rate. We did
identify a few cases where at a constant dose rate, the
region of maximum oxidation (in terms of the optical rings),
became smaller at higher total dose. The most striking
example was for a PVC material 1irradiated at 2.9 x 104
rad/h and 43°C. Oxidative ring size in this material as a
function of absorbed dose is shown in Table 5. We believe
that the change in ring size in this material results from

‘an increased oxidation rate at longer times (i.e., higher

doses), due to the thermally induced breakdown of peroxides
formed during irradiation. This breakdown of peroxides would
result in the formation of additional free radicals to com-
pete for oxygen with radicals formed directly from the pri-
mary radiation processes. The importance of this mechanism
in the radiation oxidation of this same PVC material has been
documented in an earlier paper.l10

It is interesting to note one result of such a mechanism
giving decreased oxidative penetration at high doses (long
times). If a series of samples all aged to similar high dose

—21-
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TABLE 4

Conditions for Materials Irradiated Under Inert Atmosphere
Using Radiation Doses and Dose Rates Similar to Those of Table 3

Material
EPR-A
Viton®

PE

PE
Tefzel®
Neoprene®

Crosslinked
Polyethylene

Dose Rate

(rad/h)

106
106
105
104
106
106

106

-24.-

Tem

70

70

43

43

70

43

43

°C

Dose (Mrad)

253

191

216

196

22

100

103




Oxidative Penetration Distance in PVC Material Irradiated at 2.9 x 10% rad/h

TABLE 5

as a Function of Total Dose*

Dose (Mrad) 24.6 34.4 43.7 58.7
Oxidative

Penetration full** <54 mm <45 mm .30 mm
Distance penetration

* Irradiation temperature = 43°C

** Sample Thickness = 1.43 mm
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but at different dose rate are compared, the oxidative pene-
tration depth on going to progressively lower dose rates
could appear to increase at first (oxygen-diffusion domin-
ance), but then level off or even decrease at dose rates
sufficiently low as to give long enough experimental time
periods for appreciable thermal peroxide breakdown to occur.

We have also observed a few cases where the oxidative
ring size was different at different surfaces of the same
material. Such differences apparently reflect inhomogene-
ities in material composition such as morphology or the con-
centration of formulation components or impurities.

In examining samples by cross-sectional polishing, it
should be noted that while the appearance of rings in oxi-
dized samples 1is useful as a measure of heterogeneous oxida-
tion, the absence of rings in a sample is not conclusive
proof of homogeneous degradation. For samples irradiated to
low doses such that only modest physical changes have taken
place, rings may not be visible. Also, at dose rates where
oxygen 1is reaching the center of the material, but in a
depleted concentration such that homogeneity 1is not quite
attained, a slight oxidative inhomogeneity with a broad, very
shallow parabolic shape may remain. This slight heterogene-
ity may not show up using the polishing technique.

IMPLICATIONS FOR ACCELERATED AGING EXPERIMENTS

This report has focused on studies of oxidative hetero-
geneities in irradiated polymers, and has pointed out that
this can be an important factor leading to significant dif-
ferences in the macroscopic property changes resulting from
absorption of equivalent radiation dose at different dose
rates. In extreme cases, as with Viton®, a material may
degrade in completely different ways under conditions lead-
ing to different oxidative penetration depths. This 1is
because very different degradation mechanisms can occur in

the presence or absence of oxygen.

The occurrence of strongly heterogeneous oxidation 1in
samples irradiated at high dose rates is an important con-
sideration in the design of accelerated aging experiments.
For accelerated aging experiments using very high dose rates,
degradation in the interior regions of materials may take
place under anaerobic conditions. When this occurs, such
high dose-rate exposures generally cannot be expected to
yield predictive information on degradation behavior or
degradation rate in long-term application environments having
low radiation levels, where oxidation proceeds throughout the
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sample. Circumventing this problem may require finding con-
ditions of sufficiently low dose rate, for accelerated tests,
that homogeneous oxidation is approached.

One general concept often used 1in conjunction with
accelerated testing is that of "overstress". 1In the case of
radiation aging tests, materials may be subjected to a short-
term radiation exposure using both a dose rate and total dose
that are many times higher than those expected during the
useful lifetime of the material in the intended application
environment.43 The idea is to use an excess total dose in
the accelerated test that will compensate for the fact that
some differences in degradation due to dose rate may occur
(i.e., higher damage at equivalent dose may be found). The
assumption 1is that 1if the material retains enough of its
essential properties to perform a particular function after
the accelerated test, the same should hold true after long-
term exposure in the application environment. However, the
Viton® data demonstrate why this approach can be invalid.
Because of differences in degradation mechanism which result
from oxygen diffusion effects at different dose rates, the
fundamental degradation modes and resulting material property
changes in this material are essentially opposite at high and
low dose rates (embrittlement at high ‘dose rates, softening
at low dose rates). Failure modes and failure criteria
should also be very different for the samples irradiated at
the different dose rates. Given the opposite trends in
degradation effects, the overstress approach cannot compen-
sate for the effects of dose rate. In fact, use of an over-
dose will actually achieve the opposite of the intended
effect, with progressively higher dose moving the material
properties progressively further away from the properties
which result at lower dose rate.

In comparing results of radiation degradation at differ-
ent dose rates, it should be noted that diffusion-limited
oxidation is not the only factor that can lead to apparent
dose-rate effects in the presence of oxygen. Other chemical
mechanisms can also give rise to such effects.10.12,27,
Thus, the occurrence of homogeneous oxidation over a given
range of dose rates does not necessarily imply that no dose-
rate effect will be observed over that range. Two such
chemical mechanisms which can cause dose-rate effects are
discussed by us in both previousl0.12 and forthcoming45
reports. Complete wunderstanding of the differences 1in
radiation-induced degradation behavior of materials under
different dose rates, which is a prerequisite for design and
interpretation of accelerated aging experiments, requires
the sorting out of the various mechanisms that can lead to
dose-rate effects in a given material.
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SUMMARY AND CONCLUSIONS

This report describes the application of useful techni-
ques for the rapid identification of oxidative inhomogenei-
ties in degraded polymeric materials. For cross-sectional
evaluation, samples are mounted and polished using standard
diamond polishing wheels available in a metallographic lab-
oratory. Areas of the material having different extents of
degradation are seen as bands of varying reflectivity when
examined microscopically using a strong point source of
light. The differences in surface 1luster after polishing
result from differences in the material's physical properties
as a function of degradation. Further information on gradi-
ent shapes, with respect to physical properties, may be
obtained by profiling relative material hardness (in terms
of penetration of a weighted probe) across the cross-.
sectional surface. Additional useful information on gradi-
ents in oxygen uptake may be obtained using density gradient
columns. These techniques, together with solvent extraction
experiments on cut-up samples, give consistent results with
respect to the extent of oxidative penetration in degraded
polymers.

Examples have been shown of polished samples of several
different commercial polymer materials irradiated at varying
dose rates. The range of dose rates over which significant
oxidation gradients occur can be substantially different in
different materials. This will be a complicated function not
only of thickness, but also of oxygen permeation rate and
oxygen consumption rate, G(-0z), for a given material. We
find that for many common polymer materials, oxidation depths
of fractions of millimeters are common over a dose-rate range
of 10%4-100 rads/h in the presence of air. As expected,
oxidation is seen to proceed progressively deeper into the
sample as the dose rate is lowered. We have calculated that
the onset of strongly heterogeneous degradation will occur
at very low total doses for common materials (on the order
of a fraction of a Megarad), as initially dissolved oxygen
is used up. We have observed that in many cases, the size
of the oxidized area in the polymer remains essentially con-
stant as a function of total dose, indicating that both
G(-0p) and permeability are often 1little changed as a
function of degradation. One case of decreasing oxidative
penetration distance as a function of dose was described,
which was associated with increasing G(-03).

Strong differences in degradation are seen to occur due
to differences in oxidative penetration depth which result
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under different radiation conditions. A striking example
occurs with Viton®. In the absence of oxygen, the
material becomes progressively more cross-linked and
harder. In the presence of oxygen, the material undergoes
scission, and becomes progressively softer. The result is
that samples irradiated at high dose rate, where oxidation
can be shown to occur only near the surface, exhibit trends
in degradation behavior characteristic of samples irradiated
under vacuum (i.e., becoming brittle). Samples irradiated
at comparatively lower dose rates, where extensive oxygen
permeation can be shown to occur, degrade in the opposite
way (i.e., becoming soft and stretchable).
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